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Abstract. We constrain the neutrino mass in the scenario of vacuum energy interacting
with cold dark matter by using current cosmological observations. To avoid the large-scale
instability problem in interacting dark energy models, we employ the parameterized post-
Friedmann (PPF) approach to do the calculation of perturbation evolution, for the Q = βHρc
and Q = βHρΛ models. The current observational data sets used in this work include Planck
(cosmic microwave background), BSH (baryon acoustic oscillations, type Ia supernovae, and
Hubble constant), and LSS (redshift space distortions and weak lensing). According to the
constraint results, we find that β > 0 at more than 1σ level for the Q = βHρc model, which
indicates that cold dark matter decays into vacuum energy; while β = 0 is consistent with
the current data at 1σ level for the Q = βHρΛ model. Taking the ΛCDM model as a baseline
model, we find that a smaller upper limit,
∑
mν < 0.11 eV (2σ), is induced by the latest BAO
BOSS DR12 data and the Hubble constant measurement H0 = 73.00± 1.75 km s−1 Mpc−1.
For the Q = βHρc model, we obtain
∑
mν < 0.20 eV (2σ) from Planck+BSH. For the
Q = βHρΛ model,
∑
mν < 0.10 eV (2σ) and
∑
mν < 0.14 eV (2σ) are derived from
Planck+BSH and Planck+BSH+LSS, respectively. We show that these smaller upper limits
on
∑
mν are affected more or less by the tension between H0 and other observational data.
1Corresponding author.
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1 Introduction
Since the discovery of accelerated expansion of the universe, it has been proposed that
there is a mysterious ingredient in the universe, called “dark energy”, which is a component
with negative pressure; in other words, it is the source to produce repulsive gravity to drive the
acceleration of the universe’s expansion (for reviews of cosmic acceleration and dark energy,
see e.g. [1–10]). Dark energy is now a dominant component (it occupies about 70% of the
total energy density) in today’s universe. Also, dark energy is undoubtedly the most popular
explanation for the cosmic accelerated expansion. Though the cosmological constant Λ is the
simplest model of dark energy, it can explain almost all the current observations well. So,
the cosmological constant model (usually dubbed the ΛCDM model) is always viewed as the
primary candidate of the cosmological standard model. However, the cosmological constant
Λ has always been facing significant challenges, such as the “coincidence problem” [2], which
states that dark matter and dark energy just have the same order of magnitude today, while
the order difference between them can be up to 1030 in the early universe.
The “interacting dark energy” (IDE) scenario, in which it is considered that there is
some direct, non-gravitational coupling between dark energy and dark matter, is proposed
and studied widely [11–51]. It has been shown that the coincidence problem can be well
alleviated in the IDE scenario [13–15, 23, 25]. But the more important question is how to
detect such a direct coupling between dark energy and dark matter through the cosmological
observations. This requires us to precisely know how the interaction affects the evolution of
the universe, including the expansion history and the growth of structure of the universe.
The impacts on the cosmic microwave background (CMB) [25, 46] and large-scale structure
formation [12, 20, 24, 26, 37, 46] in the IDE scenario have been investigated in detail.
The fact that neutrinos have masses leads to the phenomenon of neutrino oscillations.
But, the absolute masses of neutrinos could not be measured by the neutrino oscillation
experiments. Nevertheless, the neutrino mass (the total mass of neutrinos is denoted as∑
mν) can leave imprints in the evolution of the universe, i.e., it has some subtle influences
on the CMB anisotropies and matter clustering as well as the cosmological distances, and
thus the absolute mass of neutrinos
∑
mν can be probed by the cosmological observations.
The current observations cannot tightly constrain the neutrino mass, but can only give an
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upper limit for
∑
mν [52–80]. Recently, the Planck space mission released the new data of
CMB anisotropies, which precisely constrain a lot of cosmological parameters and also give
tight upper limits on the total neutrino mass [68]:
∑
mν < 0.72 eV from Planck TT+lowP,∑
mν < 0.21 eV from Planck TT+lowP+BAO,
∑
mν < 0.49 eV from Planck TT, TE,
EE+lowP, and
∑
mν < 0.17 eV from Planck TT, TE, EE+lowP+BAO, in the ΛCDM model;
note that here “lowP” denotes the Planck low-` polarization data. The issue concerning how
the neutrino mass limit is influenced by the nature of dark energy has also been discussed in
depth [72, 73, 78]. In this paper, we wish to discuss how the interaction between dark energy
and dark matter affects the cosmological weighing of neutrinos.
To extend the base ΛCDM model in the aspect of dark energy, one can consider the
equation-of-state parameter of dark energy w, and further consider the coupling parameter
between dark energy and dark matter β—this model can be called the IwCDM model. But,
in this paper, we confine our discussions in the model of vacuum energy interacting with cold
dark matter, abbreviated as the IΛCDM model. The reasons include: (i) we should involve
less parameters in the cosmological model, and (ii) we wish to see the pure impacts from
the coupling. Therefore, in this study we only consider the vacuum energy with w = −1.
Nevertheless, since the vacuum energy interacts with the cold dark matter, it is not a pure
background any more; it must have perturbations, as the same as other energy components
in the universe.1
In order to treat the cosmological perturbation evolution in the IΛCDM model, we
employ the parameterized post-Friedmann (PPF) scheme for the IDE scenario [81–84] to
do the calculations. In this paper, we consider two cases of the energy transfer rate, i.e.,
Q = βHρc and Q = βHρde, where H is the Hubble expansion rate of the universe, and ρc
and ρde (in the case of IΛCDM, ρde is replaced with ρΛ) denote the energy densities of cold
dark matter and dark energy, respectively. We will discuss the observational constraints on
the coupling β and its impacts on the cosmological weighing of neutrinos. The base ΛCDM
model acts as the reference model in this study.
The structure of the paper is organized as follows. In Sec. 2, we describe in detail the two
IΛCDM models with the energy transfer rate Q = βHρc and Q = βHρΛ, respectively. The
PPF approach is used to eliminate the large-scale instability in the IDE scenario. In Sec. 3,
we introduce the cosmological observational data used in this paper. In Sec. 4, the constraint
results are given for the ΛCDM model and the IΛCDM models from different cosmological
observations. When
∑
mν is not treated as a free parameter, we set
∑
mν = 0.06 eV; when∑
mν acts as a free parameter, we set a flat prior [0, 3.0] eV for it. Conclusion is given in
Sec. 5.
1In the scenario of vacuum energy interacting with cold dark matter, the vacuum energy density does not
maintain as a constant in space and time any more; actually, it is now a dynamical quantity [see Eq. (2.1)].
In this case, the vacuum energy density is not equivalent to the cosmological constant Λ. That is to say,
though w = −1 still holds for the vacuum energy, its density is no longer a constant that can characterize the
spacetime background. Now that the vacuum energy density is a dynamical quantity in this scenario, it must
have perturbations as the response to the metric fluctuations. In this paper, for convenience, such a scenario
is still denoted as “IΛCDM”, although here the vacuum energy is actually not a Λ; one should keep in mind
that this is only an abbreviation.
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2 The scenario of vacuum energy interacting with cold dark matter under
the PPF framework
The ΛCDM model can explain almost all the current observational data well. In partic-
ular, the latest Planck CMB data, combined with other astrophysical observations, strongly
favor a base ΛCDM cosmology with only six parameters [68]. However, it is hard to believe
that the evolution of the whole universe can be entirely described by only six parameters. It
is believed that the 6-parameter base ΛCDM model is favored just because the current ob-
servations are not accurate enough. Thus, the base ΛCDM model would be extended, in the
aspects of, e.g., dark energy, dark matter, fifth force, reionization, neutrino mass, primordial
gravitational waves, and so on, and the future highly accurate observational data would offer
evidence for some of these. When wishing to extend the base ΛCDM by adding one more pa-
rameter, the options include considering the addition of w or β, corresponding to the wCDM
model and the IΛCDM model, respectively. The issue of weighing neutrinos in the wCDM
cosmology (and other dark energy models) has been investigated in Refs. [72, 73, 78]. Thus,
in this work, we consider the latter, i.e., weighing neutrinos in the IΛCDM cosmology. As
mentioned above, we consider two cases of interaction form (energy transfer rate), Q = βHρc
and Q = βHρΛ, in this paper.
For the IΛCDM models, the energy conservation equations for vacuum energy (with
density ρΛ) and cold dark matter (with densityρc) are given by
ρ′Λ = aQΛ, (2.1)
ρ′c = −3Hρc + aQc, (2.2)
where QΛ = −Qc = Q, the prime is the derivative with respect to the conformal time η, and
H is the conformal Hubble expansion rate, H = a′/a (a is the scale factor of the universe).
Once the form of Q is specified, one can then obtain the background evolutions of vacuum
energy and dark matter. From equations (2.1) and (2.2), we see that β > 0 denotes cold
dark matter decaying into vacuum energy, and β < 0 denotes vacuum energy decaying into
cold dark matter. When β = 0, the IΛCDM model reduces to the standard ΛCDM model.
Note here that when we consider the situation that vacuum energy interacts with cold
dark matter, then the vacuum energy is some dynamical entity, and thus it is not a pure
background any more. We must consider the perturbations of the vacuum energy in this
case. The covariant conservation law is given by ∇νTµνI = QµI and
∑
I Q
µ
I = 0 (I = c,Λ), in
which TµνI and Q
µ
I denote the energy-momentum tensor and the energy-momentum transfer
vector, respectively. QµI can be split into two parts as follows,
QIµ = a(−QI(1 +AY )− δQIY, [fI +QI(v −B)]Yi), (2.3)
where δQI and fI are the energy transfer perturbations and the momentum transfer po-
tential of I fluid. A and B are used to describe the scalar metric perturbations. Y is the
eigenfunctions of the Laplace operator, ∇2Y = −k2Y (k is the comoving wave number),
and Yi = (−k)∇iY is its covariant derivative. v is the velocity of the total fluid. In order
not to consider momentum transfer sector in the rest frame of cold dark matter, we take
QµΛ = −Qµc = Quµc , in which uµc is the four-velocity of cold dark matter.
However, one should be warned about the perturbation instability problem appearing
occasionally in some cases when calculating the dark energy perturbation evolution, in par-
ticular for the IDE scenario [85]. Also, in the present situation, we are treating the case
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of w = −1, which is difficult to consider the perturbation evolution according to the tradi-
tional linear perturbation theory of hydromechanics under general relativity. Therefore, we
shall employ the PPF approach for the IDE scenario [81, 82] to calculate the perturbation
evolution in the present study. This PPF scheme generalizes the previous PPF framework
of uncoupled dark energy [86, 87] and can be used to cure the perturbation instability of
dark energy in both the coupled and uncoupled cases. Using the PPF approach, without
assuming any specific ranges of w and β, the whole parameter space of the IDE scenario
could be explored by the observational data.
The main idea of the PPF description is to establish an effective theory to treat the dark
energy perturbation totally based on the basic facts of dark energy—since the nature of dark
energy is obscure, one should not consider the dark energy pressure perturbation related to
the rest-frame sound speed imposed by hand. In the PPF framework, the perturbations of
dark energy are decribed by some parameterizations for the scales of far beyond the horizon
and deep inside the horizon, respectively, and then a well-behaved continuous function is
found to link these two limits. It has been shown that the PPF method can give stable
cosmological perturbations in the IDE scenario for any cases (see Refs. [81, 82]). In the
following, we give a brief description of the PPF framework for the IDE scenario. For more
details, we refer the reader to Refs. [81, 82].
The conservation equations for the I fluid in the IDE scenario can be explicitly given by
δρ′I + 3H(δρI + δpI) + (ρI + pI)(kvI + 3H ′L) = a(δQI +AQI), (2.4)
[(ρI+pI)(vI −B)]′+4H(ρI+pI)(vI −B)−kδpI+ 2
3
kcKpIΠI−k(ρI+pI)A = a[QI(v−B)+fI ],
(2.5)
where δρI is energy density perturbation, vI is velocity perturbation, δpI is isotropic pressure
perturbation, ΠI is anisotropic stress perturbation, and cK = 1− 3K/k2 with K the spatial
curvature.
The discussion of the perturbation evolutions of cold dark matter and dark energy is
made in the comoving gauge, i.e., B = vT and HT = 0, where vT denotes the velocity
perturbation of total matters except dark energy. To avoid confusion, we use the new symbols
in this discussion—ζ ≡ HL, ξ ≡ A, ρ∆ ≡ δρ, ∆p ≡ δp, V ≡ v, and ∆QI ≡ δQI—to denote
the corresponding quantities of the comoving gauge except for the two gauge independent
quantities Π and fI . For the cold dark matter, we have ∆pc = Πc = 0, and thus the evolutions
of the remaining two quantities ρc∆c and Vc are totally determined by Eqs. (2.4) and (2.5).
Note that ∆QI and fI can be easily derived in a specific IDE model. For the dark energy,
we need an extra condition for ∆pde besides Πde = 0 and Eqs. (2.4) and (2.5) to complete
the dark energy perturbation system. If we treat dark energy as a nonadiabatic fluid and
calculate ∆pde in terms of the adiabatic sound speed and the rest frame sound speed (see,
e.g., Ref. [85]), then the large-scale instability in the IDE scenario will occur. Thus, we need
to treat the dark energy perturbations within the generalized PPF framework established in
Refs. [81, 82].
The key point is to establish a direct relationship between Vde−VT and VT on the large
scales instead of directly defining a rest-frame sound speed for dark energy and calculating
∆pde based on it. This relationship can be parametrized by a function fζ(a) as [86, 87]
lim
kH1
4piGa2
H2 (ρde + pde)
Vde − VT
kH
= −1
3
cKfζ(a)kHVT , (2.6)
– 4 –
where kH = k/H. This condition combined with the Einstein equations gives the equation
of motion for the curvature perturbation ζ on the large scales,
lim
kH1
ζ ′ = Hξ − K
k
VT +
1
3
cKfζ(a)kVT . (2.7)
On the small scales, the evolution of the curvature perturbation is described by the Poisson
equation, Φ = 4piGa2∆TρT /(k
2cK), with Φ = ζ + VT /kH . The evolutions of the curvature
perturbation at kH  1 and kH  1 can be related by introducing a dynamical function Γ
to the Poisson equation, such that
Φ + Γ =
4piGa2
k2cK
∆TρT (2.8)
on all scales.
Compared with the small-scale Poisson equation, Eq. (2.8) gives Γ→ 0 at kH  1. On
the other hand, with the help of the Einstein equations and the conservation equations as
well as the derivative of Eq. (2.8), Eq. (2.7) gives the equation of motion for Γ on the large
scales,
lim
kH1
Γ′ = S −HΓ, (2.9)
with
S =
4piGa2
k2
{
[(ρde + pde)− fζ(ρT + pT )]kVT
+
3a
kHcK
[Qc(V − VT ) + fc] + a
cK
(∆Qc + ξQc)
}
,
where ξ can be obtained from Eq. (2.5),
ξ = −∆pT −
2
3cKpTΠT +
a
k [Qc(V − VT ) + fc]
ρT + pT
. (2.10)
Using a transition scale parameter cΓ, we can take the equation of motion for Γ on all
scales to be [86, 87]
(1 + c2Γk
2
H)[Γ
′ +HΓ + c2Γk2HHΓ] = S. (2.11)
From the above equations, we can find that all the perturbation quantities relevant to
the equation of motion of Γ are those of matters other than dark energy. Therefore, we can
solve the differential equation (2.11) without any knowledge of the dark energy perturbations.
Once the evolution of Γ is obtained, we can immediately obtain energy density and velocity
perturbations of dark energy,
ρde∆de = −3(ρde + pde)Vde − VT
kH
− k
2cK
4piGa2
Γ, (2.12)
Vde − VT = −k
4piGa2(ρde + pde)F
×
[
S − Γ′ −HΓ + fζ 4piGa
2(ρT + pT )
k
VT
]
, (2.13)
with F = 1 + 12piGa2(ρT + pT )/(k
2cK).
In this paper, we use this generalized PPF approach in the IΛCDM scenario. We only
need to take w = −1 and replace the subscript “de” with “Λ” in this framework.
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Table 1. Priors on the free parameters for the IΛCDM models in a flat universe.
Paramerer Prior
Ωbh
2 [0.005, 0.100]
Ωch
2 [0.001, 0.990]
100θMC [0.5, 10.0]
τ [0.01, 0.80]
ln(1010As) [2, 4]
ns [0.8, 1.2]
β (Q = βHρc) [−0.015, 0.050]
β (Q = βHρΛ) [−1.0, 0.8]∑
mν [0, 3.0] eV
3 Data and method
In this paper, we use the latest cosmological observational data to constrain the neutrino
mass
∑
mν , the coupling parameter β, together with other cosmological parameters. In what
follows, we shall first briefly describe the observational data.
Planck: The neutrino mass has some subtle influences on the evolution of the universe,
and so it will leave some imprints in the CMB spectra. The Planck space mission has
measured the CMB anisotropies with unprecedented accuracy. We use the full Planck data
released in 2015 [68], including the power spectrum of temperature (TT), the power spectrum
of polarization E-mode (EE), the cross-correlation power spectrum of temperature and E-
mode (TE), and the low-` (` ≤ 30) temperature-polarization spectrum (lowP). This data set
is abbreviated as “Planck” in this paper.
BSH: The baryon acoustic oscillation (BAO) and type Ia supernova (SNIa) data are in
excellent agreement with the latest Planck data, and thus in this paper we use these obser-
vations to help improve constraints on cosmological parameters. We use four BAO points:
the CMASS and LOWZ samples from the latest Data Release 12 (DR12) of the Baryon Os-
cillation Spectroscopic Survey (BOSS) at zeff = 0.57 and zeff = 0.32 [88], respectively, the
6dF Galaxy Survey (6dFGS) measurement at zeff = 0.106 [89], and the Main Galaxy Sample
of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) at zeff = 0.15 [90]. For the
SNIa data we use the “Joint Light-curve Analysis” (JLA) compilation, which is comprised
of SNLS and SDSS together with several samples of low redshift light-curve analysis. We
also combine the latest local measurement of the Hubble constant, H0 = 73.00 ± 1.75 km
s−1 Mpc−1, whose uncertainty has been reduced from 3.3% to 2.4% by using the WFC3
in the HST [91]. In addition, the BAO data from the DR11 [92] and the Hubble constant
measurement H0 = 70.6 ± 3.3 km s−1 Mpc−1 [93] are also used to make a comparison with
those from the DR12 and H0 = 73.00 ± 1.75 km s−1 Mpc−1. Note also that BAO stands
for the BAO data involving the DR12 and H0 refers to the measurement by Riess et.al in
2016, without other statement in this paper. For simplicity, “BSH” is used to denote the
combination of BAO, SNIa, and Hubble constant H0.
LSS: Furthermore, we consider the large-scale structure (LSS) observations to constrain
the neutrino mass for the Q = βHρΛ model. Due to the direct correlation between peculiar
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velocities of galaxies in the linear perturbation theory and matter clustering, the redshift-
space distortions (RSD) observation could give the measurement of fσ8, which is the product
of the linear structure growth rate parameter f and the amplitude of matter density fluc-
tuation σ8 [94, 95]. References [82, 83, 96] have shown that the RSD data can help tightly
constrain the coupling strength for the Q = βHρΛ model. So, we employ two latest RSD
measurements to constrain the Q = βHρΛ model in this paper. They are from the CMASS
sample with an effective redshift of zeff = 0.57 and the LOWZ sample with an effective red-
shift of zeff = 0.32 [88], respectively. Reference [88] demonstrates general agreement between
the DR11 [92] and DR12 measurements. In addition, we also consider the weak lensing (WL)
data from CFHTLenS [97] in this work. We use the CFHTLenS tomographic blue galaxy
sample [97] whose shear correlation functions are estimated in six redshift bins, each with an
angular range 1.7′ < θ < 37.9′. Following the Planck collaboration [98], we choose to adopt
the “ultra-conservative” cuts (i.e., remove ξ− entirely from each dataset and exclude θ < 17′
for ξ+) to remain the robustness for the tomographic data to nonlinear modelling, baryonic
feedback, and intrinsic alignment marginalization. In this paper, we use “LSS” to stand for
the combination of RSD and WL data.
We mainly consider two combinations of observational data in our analysis: Planck+BSH
and Planck+BSH+LSS. We do not use the LSS data for the ΛCDM model and the Q = βHρc
model because there is a strong tension on the amplitude of matter fluctuation spectrum
between Planck and LSS. However, the RSD data can provide a tighter constraint for the
Q = βHρΛ model as mentioned in Refs. [82, 83, 96]. Thus we employ the LSS data in this
situation.
In our work, we have a great interest in how the coupling between dark energy and dark
matter affects the cosmological constraints on the neutrino mass. We assume a degenerate
mass model (m1 = m2 = m3) regardless of the mass splitting for the three neutrino mass
eigenstates in our calculations, as the same as the Planck collaboration. Here the neutrino
mass is set as a free parameter, whose prior is [0, 3.0] eV in a flat universe. When we do
not consider the influence from neutrinos, we uniformly take two massless and one massive
neutrino species with total mass
∑
mν = 0.06 eV.
We give the flat prior of every free parameter for the two IΛCDM models, as shown in
Table 1. Here Ωbh
2 and Ωch
2 stand for the physical baryon and cold dark matter densities,
respectively. θMC is the ratio of the sound horizon rs to the angular diameter distance DA at
last-scattering time. τ denotes the optical depth to reionization. And ns and As indicate the
spectral index and the amplitude of the primordial power spectrum of scalar perturbations,
respectively. For the coupling constant β, we set the prior of [−0.015, 0.050] and [−1.0, 0.8]
for the Q = βHρc and Q = βHρΛ models, respectively. Such priors are reasonable to probe
the whole parameter space of β. We have empirically found that the parameter space of β
is not symmetric; of course, one can set a larger symmetric range for it, but the results will
be the same. To correctly solve the background and perturbation equations for the IΛCDM
models, we make some changes for the PPF code [81–83, 86, 87] and the Boltzmann code
CAMB [99]. We also use the Markov-chain Monte Carlo package CosmoMC [100] to probe
the whole parameter space.
4 Results
In this section, we will first give the updated upper bound on the neutrino mass for the
ΛCDM model from Planck+BSH. Here the “updated” upper bound means that we compare
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with the previous result in Ref. [78]. In Ref. [78], the neutrino mass is also constrained in
ΛCDM cosmology using Planck+BSH, but in this case the BAO BOSS DR11 data [92] and
the Hubble constant prior H0 = 70.6 ± 3.3 km s−1 Mpc−1 [93] are used, which gives the
constraint result
∑
mν < 0.15 eV.
Then, we give the constraint results on the coupling constant β and the neutrino mass∑
mν , and analyze how the coupling constant β affects the cosmological constraints on the
neutrino mass in the Q = βHρc and Q = βHρΛ models.
4.1 Constraints on the neutrino mass in the base ΛCDM model
Table 2. Fit results for the ΛCDM and ΛCDM+
∑
mν models by using Planck+BSH.
ΛCDM ΛCDM+
∑
mν∑
mν ... < 0.11
Ωm 0.3033
+0.0058
−0.0056 0.3020
+0.0060
−0.0061
H0 68.17
+0.43
−0.44 68.31± 0.47
σ8 0.832
+0.013
−0.014 0.837± 0.015
χ2min 13668.97 13665.92
66 67 68 69 70
H0
0.28
0.29
0.30
0.31
0.32
Ω
m
0.06 0.12 0.18 0.24 0.30
Σmν [eV]
66
67
68
69
70
H
0
0.28 0.29 0.30 0.31 0.32
Ωm
Planck+BSH
Figure 1. One-dimensional marginalized distributions and two-dimensional contours at 1σ and 2σ
level for parameters
∑
mν , Ωm, and H0 of the ΛCDM+
∑
mν model by using Planck+BSH.
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The ΛCDM model is taken as the baseline model in our study, and in this model the
upper limit on the neutrino mass is given:
∑
mν < 0.11 eV at 2σ level from Planck+BSH.
We know that there is a lower limit of the neutrino mass for the inverted hierarchy (m3 
m1 < m2) of neutrino mass spectrum—
∑
mν > 0.1 eV [101], and thus the small upper limit
result,
∑
mν < 0.11 eV, derived in this paper, is rather close to its lower cut-off value, which
implies that the cosmological weighing of neutrinos is now close to the edge of diagnosing
the mass hierarchies of neutrinos. Further more accurate data might be able to give clear
evidence.
Here we make a further analysis for this result. We give the constraint
∑
mν < 0.15 eV
from Planck+BAO, where BAO data is from the DR12. Compared to the result
∑
mν < 0.17
eV [68] from Planck+BAO, where BAO data is from the DR11, we find that the DR12 data
can provide a 12% reduction to the upper limit of neutrino mass, and thus combining with
the DR12 can indeed lead to a smaller upper limit on the neutrino mass. Similar results and
analyses can be found in Refs. [72, 73, 78, 102].
In addition, the small upper limit
∑
mν < 0.11 eV derived may be due to the fact that
we use the latest Hubble constant measurement result H0 = 73.00±1.75 km s−1 Mpc−1 [91].
This new H0 measurement is 3σ higher than the Planck fit result H0 = 67.27± 0.66 km s−1
Mpc−1 [68] based on the ΛCDM model. The strong tension may lead to a lower neutrino
mass. To confirm the inference, we give the constraint
∑
mν < 0.13 eV from Planck+BSH,
where the local measurement value H0 = 70.6 ± 3.3 km s−1 Mpc−1 is used, which is only
1σ higher than H0 = 67.27± 0.66 km s−1 Mpc−1. The result shows that H0 = 73.00± 1.75
km s−1 Mpc−1 indeed allows a lower neutrino mass. Debates about the H0 measurements
have been discussed in Refs. [93, 103–105] and it is necessary for us to do further research.
However, we still employ H0 = 73.00 ± 1.75 km s−1 Mpc−1 due to its reduced uncertainty
from 3.3% to 2.4% and tight constraints on other parameters in the following analysis.
In Fig. 1, we show the one-dimensional posterior distribution and two-dimensional con-
tours at 1σ and 2σ levels for the parameters Ωm,
∑
mν , and H0 in the ΛCDM+
∑
mν model
by using Planck+BSH. From this figure, we clearly see that there is an anti-correlation be-
tween
∑
mν and H0. Therefore, the fact that H0 = 73.00±1.75 km s−1 Mpc−1 is larger than
H0 = 70.6 ± 3.3 km s−1 Mpc−1 would also lead to a lower neutrino mass. In addition, the
data combination Planck+BSH gives the constraints: Ωm = 0.3020
+0.0060
−0.0061, H0 = 68.31± 0.47
km s−1 Mpc−1, and σ8 = 0.837± 0.015 for the ΛCDM+
∑
mν model.
4.2 Constraints on the neutrino mass in the interacting vacuum energy models
Table 3. Fit results for the IΛCDM1 (Q = βHρc) and IΛCDM1 (Q = βHρc)+
∑
mν models by
using Planck+BSH.
IΛCDM1 IΛCDM1+
∑
mν
β 0.0021± 0.0011 0.0021+0.0012−0.0013∑
mν ... < 0.20
Ωm 0.2943
+0.0075
−0.0076 0.2945
+0.0074
−0.0082
H0 68.94
+0.63
−0.62 68.93± 0.64
σ8 0.845± 0.015 0.844+0.019−0.017
χ2min 13665.78 13664.71
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Figure 2. The one-dimensional posterior distributions for the coupling parameter β in the Q = βHρc
(left) and Q = βHρΛ (right) models, with fixed neutrino mass
∑
mν = 0.06 eV.
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Figure 3. The two-dimensional marginalized contours (1σ and 2σ) in the β–Ωm and β–H0 planes
for the Q = βHρc model (with fixed neutrino mass
∑
mν = 0.06 eV) by using Planck+BSH.
Table 3 gives the detailed fitting results of the Q = βHρc model for the cases without
and with
∑
mν , from Planck+BSH. In this paper, all the fitting results are given at 1σ level,
except for
∑
mν (upper limit at the 2σ level). For simplicity, IΛCDM1 and IΛCDM2 are
used to denote the Q = βHρc and Q = βHρΛ models, respectively, in all tables. Obviously,
the result shows that β > 0 at more than 1σ level (β = 0.0021±0.0011 and β = 0.0021+0.0012−0.0013)
no matter if we involve
∑
mν or not in the Q = βHρc model. Namely, the combination of
Planck+BSH favors the case of cold dark matter decaying into vacuum energy. The results of
β > 0 (at more than 1σ) can be clearly seen from Figs. 2–4. In addition, for this model, the
constraint result of neutrino mass is
∑
mν < 0.20 eV. Figure 4 shows a positive correlation
between β and
∑
mν . Thus, a larger β will lead to a larger
∑
mν , which explains why the
limit of
∑
mν derived in this case is larger than that in ΛCDM.
As described in Sec. 3, RSD data can exert a special influence on the Q = βHρΛ model
(see also [82]). We employ the updated RSD data with reduced uncertainties from the DR12
in this situation. We also consider the weak lensing data to constrain parameters of the
Q = βHρΛ model. For Planck+BSH and Planck+BSH+LSS, detailed fitting results are
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Figure 4. One-dimensional marginalized distributions and two-dimensional contours at 1σ and 2σ
levels for parameters β,
∑
mν , Ωm, and H0 of the Q = βHρc model in the presence of
∑
mν by using
Planck+BSH.
Table 4. Fit results for the IΛCDM2 (Q = βHρΛ) and IΛCDM2 (Q = βHρΛ)+
∑
mν models by
using Planck+BSH and Planck+BSH+LSS.
IΛCDM2 IΛCDM2+
∑
mν
Data Planck+BSH Planck+BSH+LSS Planck+BSH Planck+BSH+LSS
β −0.10± 0.24 −0.07+0.12−0.14 −0.04+0.20−0.30 −0.08+0.13−0.15∑
mν ... ... < 0.10 < 0.14
Ωm 0.328± 0.055 0.32± 0.029 0.316+0.067−0.049 0.322+0.034−0.030
H0 68.01
+0.54
−0.50 68.14
+0.47
−0.46 68.19
+0.55
−0.49 68.22
+0.56
−0.51
σ8 0.816
+0.038
−0.031 0.808
+0.019
−0.018 0.827± 0.035 0.809± 0.020
χ2min 13668.65 13701.15 13664.57 13699.45
given in Table 4. We obtain the constraints on β for the Q = βHρΛ model without and
with
∑
mν . From Planck+BSH, we have β = −0.10 ± 0.24 for the case without
∑
mν and
β = −0.04+0.20−0.30 for the case with
∑
mν ; from Planck+BSH+LSS, we have β = −0.07+0.12−0.14
for the case without
∑
mν and β = −0.08+0.13−0.15 for the case with
∑
mν . The right panel
of Fig. 2 describes the one-dimensional posterior distributions for the coupling parameter β
of the Q = βHρΛ model from Planck+BSH and Planck+BSH+LSS. These results slightly
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Figure 5. The two-dimensional marginalized contours (1σ and 2σ) in the β–Ωm and β–H0 planes
for the Q = βHρΛ model (with fixed neutrino mass
∑
mν = 0.06 eV) by using Planck+BSH and
Planck+BSH+LSS.
favor a negative coupling constant, which means vacuum energy decays into cold dark matter.
From Figs. 5 and 6, we can clearly see that β = 0 is actually consistent with the current
observational data no matter if we involve
∑
mν or not in the Q = βHρΛ model.
For the constraints on the neutrino mass in the Q = βHρΛ model, we obtain
∑
mν <
0.10 eV from Planck+BSH and
∑
mν < 0.14 eV from Planck+BSH+LSS. Usually, adding
the LSS data can substantially reduce the errors of parameters, but here adding the LSS
data leads to a larger mass limit. The reason is that a lower σ8 is favored by the current LSS
observations, while in this case
∑
mν is anti-correlated with σ8,
2 and thus a larger mass limit
is derived (see Fig. 6). Obviously, the result of
∑
mν < 0.10 eV offers a hint to exclude the
inverted hierarchy in this model. Recall that, in the ΛCDM model, we obtain
∑
mν < 0.11
eV from Planck+BSH. Thus, it seems that we are now on the edge of diagnosing the mass
hierarchies by using the cosmological observations to weigh neutrinos.
We notice that, compared to the ΛCDM model, in the IΛCDM2 model (with Q =
βHρΛ) that has one more parameter, we derive a slightly tighter constraint on
∑
mν from
Planck+BSH. Actually, in Refs. [72, 73], it has been shown that in dynamical dark energy
models the constraints on
∑
mν can become both looser and tighter, compared to ΛCDM. In
the holographic dark energy model that has one more parameter with respect to ΛCDM, the
constraint on
∑
mν is found to be much tighter than that in the ΛCDM model [72, 73]. But,
in the wCDM and w0waCDM models, the constraints are much looser [72, 73, 78] (see also
[107]). Thus, in this work, the slightly tighter constraint on
∑
mν derived in the Q = βHρΛ
model is not surprising.3
2The small-scale matter power spectrum is suppressed by massive neutrinos. For very small scales (with
k  knr and k  keq), we have P (k)fν/P (k)fν=0 ' 1 − 8fν , for fν < 0.7, where fν ≡ Ων/Ωm [52]. Thus, a
larger
∑
mν will lead to a smaller σ8. For more details, see review article [106] and references therein.
3The Planck mission accurately measures the acoustic peaks and the observed angular size of acoustic scale
θ∗ = rs/DA is determined to a high precision (much better than 0.1% precision at 1σ). This measurement
could place tight constraints on some combinations of cosmological parameters that determine rs and DA.
Using the Planck data to do cosmological fit, the parameter combinations must be constrained to be close
to a surface of constant θ∗, and this surface depends on the models assumed. When new parameters are
introduced, the degeneracy in the parameter space gives rise to consistent changes in parameters so that
the ratio of sound horizon and angular diameter distance remains nearly constant. In the current case, the
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Figure 6. One-dimensional marginalized distributions and two-dimensional contours at 1σ and 2σ
levels for parameters β,
∑
mν , Ωm, and H0 of the Q = βHρΛ model in the presence of
∑
mν by
using Planck+BSH and Planck+BSH+LSS.
Smaller mass limits derived in this paper are also perhaps due to the strong tension
between Hubble constant H0 and other observational data. A method to relieve the tension
is to consider the dark radiation, with one more parameter Neff . Taking the Q = βHρΛ
model as an example, we find that the upper limit on the neutrino mass is changed from∑
mν < 0.10 eV to
∑
mν < 0.15 eV, from Planck+BSH. This confirms that the constraint
results on
∑
mν in our work are affected more or less by the tension between Hubble constant
(H0 = 73.00 ± 1.75 km s−1 Mpc−1) and other observational data. More further studies on
this issue should be done.
coupling β changes the density evolution of cold dark matter and vacuum energy, which will lead to some
effects on the parameters including
∑
mν because they would also change to compensate. In this case, β < 0
is slightly more favored (although β = 0 is still located in the 1σ region), and this may lead to the fact that
a slightly tighter constraint on
∑
mν is derived.
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5 Conclusion
In this paper, we constrain the neutrino mass in a scenario of vacuum energy interacting
with cold dark matter. We wish to see how the cosmological weighing of neutrinos is affected
by the coupling between dark energy and dark matter. It is well known that the 6-parameter
base ΛCDM cosmology is favored by the latest Planck data, and in this work we only consider
its minimal extension in which we fix w = −1 and only introduce a coupling parameter β
(except for the neutrino mass
∑
mν). Since the vacuum energy interacts with cold dark
matter, it is not a pure background any more, and so we should consider its perturbation
evolution. This is rather difficult in the traditional linear perturbation theory. To treat the
dark energy perturbations in this case, we employ the PPF framework for the IDE scenario,
which can provide a good calculation scheme for our situation and give stable cosmological
perturbations. Within this framework, the whole parameter space of the IΛCDM scenario
can be explored by using the current (and future) observational data. We use the latest
Planck CMB data, combined with other observations, to constrain the models. The main
data combinations are Planck+BSH and Planck+BSH+LSS. The BAO and RSD data from
the BOSS DR12 are used in the analysis. Also, the latest local measurement of the Hubble
constant (for which the uncertainty is reduced from 3.3% to 2.4%) is also used in our study.
We consider two typical interaction forms of Q = βHρc and Q = βHρΛ in the IΛCDM
scenario. Compared to the standard ΛCDM model, there is only one more parameter, β. For
the Q = βHρc model, we find that β > 0 (at more than 1σ level) from Planck+BSH, which
indicates that cold dark matter decays into vacuum energy. For the Q = βHρΛ model, we
find that β = 0 is consistent with the current cosmological observations within the 1σ range,
which implies that this case is prone to be reduced to the standard ΛCDM model.
In the standard ΛCDM model, we obtain
∑
mν < 0.11 eV (2σ) from Planck+BSH. This
small upper limit is derived because we use the latest BAO DR12 data and Hubble constant
(H0 = 73.00 ± 1.75 km s−1 Mpc−1). Compared with the BAO data from the DR11, the
DR12 data can provide a 12% change on the constraint of neutrino mass, which leads to a
smaller upper bound. In addition, a strong tension between the H0 and other astronomical
observations is also a key reason to reduce the upper limit value of neutrino mass. But we
still employ the measurement of H0 = 73.00 ± 1.75 km s−1 Mpc−1 in our analysis, because
of its largely reduced uncertainty.
In the IΛCDM model with Q = βHρc, we obtain
∑
mν < 0.20 eV, from Planck+BSH.
In the IΛCDM model with Q = βHρΛ, we obtain
∑
mν < 0.10 eV from Planck+BSH and∑
mν < 0.14 eV from Planck+BSH+LSS. Finally, we take the Q = βHρΛ model as an
example and introduce dark radiation to relieve the tension between Hubble constant H0
and other observational data. We find that the upper limit on the neutrino mass is changed
from
∑
mν < 0.10 eV to
∑
mν < 0.15 eV, from Planck+BSH. Therefore, though we are
now on the edge of determining the mass hierarchy by using the cosmological weighing of
neutrinos, we still must be very careful about the tension between observational data sets.
Further deeper investigations are needed.
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